ABSTRACT Given the existence of the M BH − σ relation, models of self-regulated black hole (BH) growth require both a fuel supply and concomitant growth of the host bulge to deepen the central potential, or else the system will either starve or immediately self-regulate without any sustained activity. This leads to a generic prediction that the brightest quasars must be triggered in major mergers: a large fraction of the galaxy mass must be added/converted to new bulge mass and a galactic supply of gas must lose angular momentum in less than a dynamical time. Low-luminosity active galactic nuclei (AGN), in contrast, require little bulge growth and small gas supplies, and could be triggered in more common non-merger events. This leads to the expectation of a characteristic transition to merger-induced fueling around the traditional quasar-Seyfert luminosity divide (growth of BH masses above/below ∼ 10 7 M ⊙ ). We compile and survey a number of observations in order to test several predictions of such a division, including: (1) A transition to bulge-dominated hosts (which any major merger remnant, regardless of difficult-to-observe tidal features, should be). (2) A transition between "pseudobulges" and "classical" bulges hosting the remnant BHs: pseudobulges are formed in secular processes and minor mergers, whereas classical bulges are relics of major mergers. (3) An increase in the amplitude of small-scale clustering (increased halo occupation of small group environments) where mergers are more efficient. (4) Different redshift evolution, with gas-rich merger rates rising to redshifts z > 2 while secular processes are relatively constant in time. (5) An increasing prominence of post-starburst features in more luminous systems. Our compilation of observations in each of these areas provides tentative evidence for the predicted division around the Seyfert-quasar threshold, and we discuss how future observations can improve these constraints and, in combination with the tests here, break degeneracies between different fueling models.
1. INTRODUCTION The discovery of tight correlations between black hole (BH) mass and properties of the host galaxy spheroid, including spheroid luminosity (Kormendy & Richstone 1995) , stellar mass (Magorrian et al. 1998) , velocity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000) , concentration and profile shape (Graham et al. 2001; , have fundamental implications for the growth of black holes and -given the Soltan (1982) argument which implies that most black hole mass was assembled in luminous quasar phases (for more recent versions of this calculation, see e.g. Salucci et al. 1999; Yu & Tremaine 2002; Hopkins et al. 2007d; Shankar et al. 2007 ) -corresponding quasar activity.
In order to explain not just the normalization but also the small (factor 2) observed scatter in these correlations , models generically require some sort of self-regulated growth (e.g. Silk & Rees 1998; Burkert & Silk 2001; Wyithe & Loeb 2002; Di Matteo et al. 2005; Hopkins et al. 2005a Hopkins et al. , 2007b Murray et al. 2005 ; Thompson et al. 2005) . Because the BH represents such a small fraction (∼ 10 −3 ) of the galaxy mass, it is difficult (if not impossible) to avoid at least the occasional rare situation in which 100 times the implied BH mass, from e.g. the M BH − σ relation, in cold gas is stripped of angular momentum and should accrete rapidly (given either e.g. Bondi or thin-disk accretion), giving rise to BHs well off the observed correlation and orders of magnitude outside the scatter. This concern has led models to invoke some form of feedback from the BH as a self-regulation mechanism: regardless of the details, once the BH reaches some critical mass, if a small frac-tion ( 5%) of the radiant energy (∼ 0.5% of the accretion energy) or momentum can couple to the nearby gas, then simple scalings show that gas will be unbound and not able to accrete. The equilibrium between the coupled energy/momentum and the depth of the central potential therefore sets the maximum black hole mass.
In addition to the nature and small scatter of the observed BH-host correlations, there is increasing evidence for a process of this nature. Hopkins et al. (2007b,a) pointed out that these scenarios generically imply that the most basic correlation is really between BH mass and central potential depth/spheroid binding energy, and demonstrated in the observations a ∼ 3 σ preference for such an association (i.e. the only relationship with no residual correlations remaining between BH mass and other host galaxy properties). Aller & Richstone (2007) found a similar result in an independent analysis of the observations modeling the central potential in generality, including the contribution of disks and halos.
Moreover, although it remains unclear which feedback processes are the most important for this self-regulation, numerous such mechanisms are observed to be ubiquitous in quasar populations, including intermediate-scale winds, accretion disk outflows, jets, ionization fronts, Compton heating, radiation pressure, and shocks (see e.g. Weymann et al. 1981; Stark & Carlson 1984; Baum et al. 1993; Colbert et al. 1996b Colbert et al. ,a, 1998 Laor et al. 1997; Crenshaw et al. 2000; Elvis 2000; Baum & McCarthy 2000; de Kool et al. 2001; Cecil et al. 2001; Levenson et al. 2001; Ruiz et al. 2001; Kaspi et al. 2002; Walter et al. 2002; Pounds et al. 2003b,a; Biller et al. 2004 In addition, although the exact normalization and scatter may evolve with redshift (potentially related to evolution in host galaxy properties setting the central potential, or evolution in feedback physics; see e.g. Croton 2006; Hopkins et al. 2007a) , observations increasingly indicate that BH-host correlations are in place even at high redshifts (Shields et al. 2003; Walter et al. 2004; Merloni et al. 2004; Adelberger & Steidel 2005; Woo et al. 2006; Peng et al. 2006; Shankar et al. 2008) and in irregular or disturbed systems (Borys et al. 2005; Alexander et al. 2008; Kim et al. 2008) , further demanding some form of self-regulation (as opposed to e.g. coincidence or fine-tuning from non selfregulating BH growth mechanisms).
If BHs grow in a self-regulated manner, then their evolution must be thought of as fundamentally determined by the growth of their host spheroid. If the spheroid is not large enough -if the central potential is no deeper -then a system that has already regulated its growth will simply enter into a high-feedback mode and immediately self-regulate when new gas is channeled into the central regions, regardless of how large a gas supply is fed to the BH. If this were not the case, again the problem of explaining the observed tightness of the BH-host correlations would present itself. "Growing the monster" requires not just a fuel supply, but also concomitant bulge growth, in order to raise the limit to which the BH can accrete before self-regulating.
Given the frequency of e.g. minor mergers and other processes that can remove angular momentum from at least some of the gas in the central regions of a galaxy (Lin et al. 2004; Woods et al. 2006; Maller et al. 2006; Barton et al. 2007; Woods & Geller 2007; Stewart et al. 2007; Fakhouri & Ma 2008; Younger et al. 2008; Hopkins et al. 2008d) , simple cosmological calculations (as well as a survey of the abundance of massive bulges in the Universe) suggest that the bigger problem which must be overcome in order to allow BH growth may be the growth of bulges, not the removal of angular momentum from gas. In any event, the two cannot be considered separately.
This consideration leads to a new framework in which Seyfert and quasar fueling mechanisms must be evaluated. It has long been pointed out that major, gas-rich galaxy-galaxy mergers represent a viable means to fuel at least some quasars (Stockton 1978; Heckman et al. 1984; Sanders et al. 1988a,b; Stockton & MacKenty 1987; Stockton & Ridgway 1991; Hutchings & Neff 1992; Sanders & Mirabel 1996; Bahcall et al. 1997; Canalizo & Stockton 2001; Hutchings et al. 2003; Guyon et al. 2006; Dasyra et al. 2007; Bennert et al. 2008) , and indeed it is generally accepted that although all quasars may not be mergers, all gas-rich mergers will induce AGN activity at some level (see references above and e.g. . These encounters also have the advantage that, when two spirals merge, the disks are converted into spheroid and the bulge further grows via centrally concentrated star formation in a merger-induced starburst (Kormendy & Sanders 1992; Mihos & Hernquist 1994a ,b, 1996 Hibbard & Yun 1999; Robertson et al. 2006b; Naab et al. 2006; Cox et al. 2006a; Hopkins et al. 2008e,a,i,b) . This deepens the central potential considerably -so not only does such a merger strip gas of angular momentum at all levels and provide a fuel source to the BH, but it also increases the binding energy of the inflowing material, meaning that the BH must grow larger by a significant factor in order to self-regulate and ultimately lie on the observed BH-host correlations.
There are, however, many alternative mechanisms by which a nuclear BH could be fueled, and these will generically be more common in gas-rich (especially low-mass) galaxies. These include minor mergers (mass ratios ∼ 1 : 10 or so), angular momentum loss from stellar+gas bar systems in disks (for a review see , the stochastic accretion of cold molecular clouds that happen to be near the BH or on scattered trajectories , and Bondi-Hoyle spherical accretion of hot gas from the diffuse, pressure-supported atmosphere in the central bulge (see e.g. Allen et al. 2006; Best et al. 2007 , and references therein). However, these mechanisms are much less efficient (or even completely inefficient) at growing the bulge. Although it is possible to get some growth of the bulge and central potential from e.g. bars in isolated galaxies, most numerical experiments and cosmological simulations (Combes et al. 1990; Naab & Burkert 2003; Bournaud et al. 2005; Athanassoula 2005; Debattista et al. 2006; Naab et al. 2007; Younger et al. 2008; Hopkins et al. 2008c,d) as well as observations (O'Neill & Dubinski 2003; Sheth et al. 2003; Driver et al. 2007; Marinova & Jogee 2007; Barazza et al. 2008 ) suggest that it is becomes difficult to get significant growth in these channels above a stellar mass ∼ 10 10 M ⊙ , corresponding to a hosted BH mass ∼ 10 7 M ⊙ , and the more massive bulge population will be increasingly dominated by systems whose growth primarily came in major mergers (for more detailed discussion, see Kormendy & Kennicutt 2004; Maller et al. 2006; Hopkins et al. 2008c ). This BH mass of ∼ 10 7 M ⊙ corresponds to a maximum bolometric luminosity of ∼ 0.3 × 10 12 L ⊙ (1.3 × 10 45 erg s −1 ) when radiating at the Eddington limit 2 Moreover, these distinctions are reinforced by a simple scaling: the minimum bolometric luminosity associated with "true" quasars is ∼ 10 12 L ⊙ ) (this translates to a typical optical magnitude M B < −23; the traditional Seyfert/quasar division introduced by Schmidt & Green (1983) as an observational, not physical division). Fueling a Seyfert (L bol ≤ 10 12 L ⊙ ) for a Salpeter (1964) time t S = 4.2 × 10 7 yr (the e-folding time for exponential growth at the Eddington limit, given a typical radiative efficiency expected of BH accretion ǫ r ≡ L bol /(Ṁ c 2 ) ∼ 0.1), similar to the lifetime of a high-accretion rate episode suggested by various observational constraints (clustering, sizes of radio jets, and the transverse proximity effect; for a review see Martini 2004) , requires 10 7 M ⊙ worth of accreted material (unsurprising, given that this luminosity corresponds to a BH of around this mass at its Eddington limit). Allowing for some reasonable efficiency of fueling (say ∼ 10% of the mass within the BH radius of influence or vicinity of the BH) this is still comparable to the mass in a single or a few giant molecular clouds (∼ 10 7 − 10 8 M ⊙ ). The limits become less stringent as one considers lower luminosities (more typical Seyferts with L bol ∼ 10 11 L ⊙ requiring only ∼ 10 6 − 10 7 M ⊙ worth of gas). There are many processes that could sufficiently disturb the gas supply in the central regions of the galaxy so as to produce such an event -for example, even in the Milky Way, a sufficient random perturbation (with mass of this magnitude) -a near pass to the BH of another giant molecular cloud complex or massive star cluster -could torque such a mass (al-ready near the BH in molecular clouds) into accretion (see e.g. Genzel et al. 1994 , and references therein). Given the relative ease of triggering and ubiquity of such systems, there is no reason to invoke a rare and violent mechanism such as major mergers -in fact, the natural expectation is that more mundane, far more frequent processes should dominate.
However, fueling a bright quasar (say L bol ∼ 10 14 L ⊙ for M B ≈ −28) for a similar duration requires 10 9 − 10 10 M ⊙ in gas -i.e. channeling an entire typical galaxy's supply of gas onto the BH itself. Given the efficiency of star formation when dense gas is accumulated in the central regions of a galaxy, almost any reasonable model demands more like ∼ 10 11 M ⊙ worth of gas within the central ∼ 50 − 100 pc (even for objects that are fainter, but still quasars, at L bol ≫ 10 12 L ⊙ ). Given that the timescale needed is comparable to or shorter than the dynamical time of the galaxy itself, a massive, galaxy-wide perturbation is needed (essentially the entire supply of galactic gas must be stripped of angular momentum and free-fall to the center in less than a single rotational period of the disk), and the only mechanism expected in standard cosmologies to be capable (let alone expected) to produce such a perturbation is a major merger (any disk instability or minor merger, by the nature of the amplification of that instability or dynamical friction, respectively, could neither channel the required mass in an absolute sense nor do so in less than a few disk orbital periods).
This leads to the idea, motivated by detailed models for accretion in mergers and isolated systems, that there is some characteristic host bulge mass/BH mass and corresponding quasar luminosity (which happens to correspond to the observationally defined Seyfert-quasar division) below which these more ubiquitous mechanisms dominate AGN fueling (being more common and requiring less bulge growth to deepen the central potential in this mass regime). Above this division, less violent mechanisms are simply inefficient (they may still happen, but they do not sufficiently raise the bulge mass, so BHs quickly self-regulate and do not experience any significant lifetime of high-Eddington ratio growth) and the population requires more extreme mechanisms such as major mergers to build the most massive bulges and (corresponding) BHs.
Here, we outline observational constraints that can be used to test this idea, and provide constraints on where non-major merger related fueling mechanisms do or do not dominate the BH and AGN populations. These various accretion processes have different observational signatures, particularly when we recognize that, in a self-regulated growth scenario, they must be treated not just as BH growth mechanisms but simultaneously grow bulges. In § 2-6 below, we outline a few such tests and illustrate some preliminary constraints from previous works, and in § 7 we summarize the results.
For ease of comparison, we convert all observations to bolometric luminosities given the appropriate bolometric corrections from Hopkins et al. (2007d) (see also Elvis et al. 1994; Richards et al. 2006 ). We adopt a Ω M = 0.3, Ω Λ = 0.7, H 0 = 70 km s −1 Mpc −1 cosmology and a Salpeter (1955) stellar initial mass function (IMF), and normalize all observations and models appropriately (note that this generally affects only the exact normalization of quantities here, not the qualitative conclusions). All magnitudes are in the Vega system.
HOST GALAXY MORPHOLOGIES
A great deal of attention has been paid to the issue of testing merger-induced quasar fueling models by looking for signatures of disturbance in e.g. quasar and AGN hosts (Bahcall et al. 1997; Canalizo & Stockton 2001; Floyd et al. 2004; Zakamska et al. 2006; Pierce et al. 2007 ). However, this is extremely difficult, especially at the high redshifts and luminosities of interest. where this fueling mechanism is expected to dominate. Moreover, models predict that the quasar phase in mergers occurs at the end of the merger, in the background of a largely relaxed remnant (Di Matteo et al. 2005; Hopkins et al. 2005d , and at these times experiments with e.g. automated morphological classification systems such as Gini-M20 and CAS (Lotz et al. 2008a ) as well as optical identifications (Krause et al. 2008) suggest that even with perfect image depth, merger induced-quasar hosts would be uniformly classified as relaxed, non-merging systems. There is some prospect for deeper observations to reveal new insights, as e.g. very nearby systems (previously classified as relaxed) have, upon deeper imaging (Bennert et al. 2008 ) been revealed as clearly interacting, and imaging of redder or more obscured quasars has identified interaction-dominated populations (Hutchings et al. 2003 (Hutchings et al. , 2006 Kawakatu et al. 2006; Urrutia et al. 2008) , with degree of interaction increasing in more infrared-luminous populations as well (Guyon et al. 2006) , but this remains prohibitively expensive for most systems of interest.
However, we highlight a more mundane but equally constraining point here. Viewed during the final stages of a major merger, it may be impossible to (with present observations) say whether there was a recent merger/disturbance, but it is possible to identify whether the hosts are spheroids or disks. The hosts being spheroids does not uniquely imply a merger origin of the hosted quasars, of course, but their being disks would clearly put strong constraints on merger mechanisms 3 . Indeed, a number of observational studies have pointed out that, among the high Eddington-ratio population (important to distinguish from possible low-Eddington ratio, non thindisk accretion in old systems), there is a characteristic difference roughly above and below the Seyfert-quasar divide. Broad-line Seyferts tend to live in disk-dominated host galaxies: clearly, most of these systems are not recent major merger remnants. Broad-line quasars, on the other hand, have predominately elliptical hosts, candidates for recent mergers. In fact, Dunlop et al. (2003) ; Floyd et al. (2004) find that the transition regime is quite narrow -around a factor of a few in luminosity, where the population goes from strongly disk to bulge dominated. Figure 1 presents the results of studies that compare the morphological distribution of low and high-luminosity AGN selected in the same manner. We show the luminosity below which the AGN sample is dominated by either disks or an apparently random mix of disks and ellipticals (i.e. the sample shows no strong preference for early-type hosts) and above which the sample is dominated by ellipticals, from the PG quasar sample (Dunlop et al. 2003) , the sample of Type II quasar hosts in Zakamska et al. (2006 Zakamska et al. ( , 2008 , and similar X-ray selected Type II samples (Rigby et al. 2006) . Despite significant differences in selection and many of the observed properties of the quasars in these samples, the results Host galaxy morphology (bulge-to-total luminosity ratio) versus AGN bolometric luminosity, from the sample of Dunlop et al. (2003) . Around the characteristic Seyfert-quasar divide (L bol ∼ 10 12 L ⊙ ), hosts transition from being a representative mix of bulges and disks to being exclusively bulgedominated (Es and S0s): major-merger remnants must be bulge dominated (even if tidal disturbances fade rapidly), whereas non-merger fueling mechanisms allow a random mix of non-spheroid hosts. Right: Luminosity where the observed AGN host galaxy populations transition from being essentially random or disk-dominated (at low-L) to bulge-dominated (at high-L), from the observed samples of Malkan et al. (1998, pink are similar in each study: a sharp transition (over a factor ∼ 2 in L) between disk/star-forming (or random) host galaxies at L bol 10 12 L ⊙ and predominantly elliptical or bulgedominated hosts at brighter luminosities.
RELIC BULGE MORPHOLOGIES/PHENOTYPES
Numerical simulations and, increasingly, observations have established that at least major mergers form "classical bulges," 4 whose properties resemble those of scaled-down ellipticals (see references in § 1). On the other hand, the alternative fueling mechanisms discussed in § 1 (bars and sufficiently minor mergers), to the extent that they result in any bulge formation at all, yield "pseudobulges," with distinct properties: lower Sersic indices and concentrations more analogous to the progenitor disk, larger sizes, a higher degree of rotational support, more ongoing star formation and bluer colors, and often a boxy or "peanut"-shaped morphology or clear inner disk. If there is a characteristic transition regime above and below which certain processes dominate, this should be imprinted in the detailed classes of bulges left as relics. Figure 2 compares the mass function of BHs in local bulges, separated into classical and pseudobulges. Given the mass function of bulges/spheroids, we convolve with the observed BH-bulge mass relation (Marconi & Hunt 2003 ) and its scatter to obtain the corresponding BH mass function. Note that although there may be an offset between the BH-host galaxy correlations in pseudo and classical bulges, suggested by theory (Younger et al. 2008) and observations (Hu 2008; Greene et al. 2008; Gadotti & Kauffmann 2008) , the magnitude of this offset is sufficiently small that it makes no difference to our comparisons here 5 . Given the spheroid mass function, we classify systems as pseudo or classical bulges given one of three different (commonly adopted) observational proxies. First, their fitted Sersic indices (systems with n s < 2 being predominantly pseudobulges, systems with higher n s , similar to observed ellipticals, being classical bulges; see Fisher & Drory 2008) ; we adopt the bivariate mass-Sersic index distribution from Driver et al. (2006) ; . Second, their colors (bluerthan-average systems being predominantly pseudobulges); Drory & Fisher (2007) and Fisher (2006) demonstrate a tight correlation of this nature and we adopt the corresponding color divisions from Driver et al. (2007) . Third, their host galaxy types (bulges in systems later than Sbc being predominantly pseudobulges), with the type-separated mass functions from Kochanek et al. (2001) and type-dependent B/T values from Aller & Richstone (2002) ; Balcells et al. (2007) . Regardless of the definition, the estimators agree on a similar mass ∼ 1 − 3 × 10 7 M ⊙ where the transition occurs, which at the Eddington limit gives a luminosity ∼ 10 12 L ⊙ corresponding to the disk-spheroid host division above.
SMALL-SCALE CLUSTERING
The merger rate is enhanced in small-scale overdensities, and this means that (with respect to a random, nonmerger population with similar masses and large-scale clustering properties) recent merger remnants will exhibit enhanced clustering on small scales (within of order the size -Local BH mass function (black), divided into BHs in "pseudobulges" (blue; generally formed in non-merger related secular evolution) and "classical" bulges (red; formed in mergers). Different lines adopt different observational criteria for dividing the observed bulge population into pseudo and classical bulges (details in text). Regardless, a characteristic transition occurs at a BH mass ∼ 1 − 3 × 10 7 M ⊙ , which at the Eddington limit corresponds to the same ∼ 10 12 L ⊙ luminosity in Figure 1 . The BH mass function is consistent with merger-induced fueling above this mass/luminosity limit, and non-merger fueling below the limit.
of a host halo, ∼ 200 kpc). This is seen observationally in recent merger remnants and post-starburst ellipticals (Goto 2005) , and both cosmological simulations and analytic models (Scannapieco & Oh 2004; Thacker et al. 2006; Hopkins et al. 2007c ) predict that it should leave an observable signature in the small-scale clustering of quasars, to the extent that they are a merger-induced population.
Indeed, such a small-scale excess has been seen (Hennawi et al. 2006) , in both low-redshift (Serber et al. 2006 ) and high-redshift (Myers et al. 2007 ) quasar populations. Interestingly, however, Serber et al. (2006) see no such excess in the low-redshift Seyfert population, with a transition luminosity (between the presence and absence of such a feature) corresponding closely to that in Figure 1 .
We summarize these results in Figure 3 . At low redshift, we compare the relative small-scale bias (amplitude of the observationally estimated bias at r relative to that as r → ∞) for Seyferts and quasars in the Serber et al. (2006) sample (see also Padmanabhan et al. 2008 , who more robustly describe this difference as requiring that quasars have a higher halo occupation in small groups). The excess seen for quasars (and not for Seyferts) is very similar (both qualitatively and quantitatively in magnitude and characteristic r where the effect begins) to that seen in known recent merger remnants and post-starburst ellipticals (Goto 2005) and predicted for recent galaxy merger remnants (Thacker et al. 2006; Hopkins et al. 2007c .
We can summarize this result by comparing the average bias/clustering amplitude within ∼ 100 pc, relative to that at large r (i.e. the "excess" bias on one-halo/group scales), for different samples as a function of redshift. Quasar observations extend this (albeit with increasing error bars) from z = 0 − 2.5, consistent with a relatively constant small-scale clustering excess of a factor ∼ 2. Unfortunately, comparable observations for Seyferts exist only for the low-redshift (z 0.5) sample in Serber et al. (2006) . This sample is consistent with no small-scale excess (i.e. requiring that Seyferts show no preference for groups or dense small-scale environments, relative to a random galaxy in a halo of similar mass), or at least any such excess is smaller than that in quasars at high significance, but observations at lower luminosities are required to extend this to higher redshifts.
REDSHIFT EVOLUTION
The rates and fractions of gas-rich mergers are expected and observed to increase at higher redshift (albeit with debate regarding how rapid this increase may be; see e.g. Patton et al. 2002; Conselice et al. 2003; Bundy et al. 2004; Lin et al. 2004; Xu et al. 2004; De Propris et al. 2005; Cassata et al. 2005; Wolf et al. 2005; Bundy et al. 2005; Lotz et al. 2006 Lotz et al. , 2008b Bell et al. 2006; Bridge et al. 2007; Kartaltepe et al. 2007) . A truly random subpopulation, on the other hand, will of course have a constant fraction (even a gas-fraction dependent population driven by e.g. random triggering through encounters with molecular clouds in a gas-rich disk will show similar behavior; , and observations suggest the bar fraction in disks is constant (or even decreasing) with redshift (Sheth et al. 2003; ). Likewise, the fraction of galaxies experiencing minor mergers (mass ratios 1 : 10) is essentially constant at ∼ 1 at all redshifts (not surprising given that the dynamical friction time for such a merger is of order the Hubble time; (2006) for optical quasars (red filled squares) and Seyferts (black open squares) -we plot the bias as a function of scale radius determined from the correlation function at each radius relative to that as r → ∞ (i.e. dividing out the best-fit large-scale dark matter correlation function). Dot-dashed line shows a constant bias as a function of scale (i.e. no excess of small-scale densities, expected if the galaxies are a random subpopulation with no preference for small groups), solid (dashed) orange line shows the predicted excess on small scales expected for recent merger populations from cosmological models and simulations (reflecting a preference for small group environments; see Thacker et al. 2006; Hopkins et al. 2008g) . Right: Ratio of the mean bias at small radii (r < 100 h −1 kpc) to that at large radii (the asymptotic values in the left panel), at all redshifts where this has been observed. Lines show the predicted excess from the previous panel. We show the same observations from Serber et al. 
Boylan-Kolchin et al. 2008).
If the average quasar/Seyfert lifetime is (at least in a statistical sense) some constant duration or approximately constant fraction of the observable merger lifetime -as suggested by simulations (Hopkins et al. 2005d,c,b) , mock observations (Lotz et al. 2008a; Krause et al. 2008) , and observational constraints on quasar lifetimes and duty cycles (see e.g. Martini 2004 , and references therein) -then this may be reflected in the evolution of the number density or fraction of halos hosting AGN of different luminosities (albeit with the caveats in § 7).
Indeed, it is well-established that the number density of bright quasars increases rapidly with redshift, peaking at z ∼ 2 − 4 (above which the population must decline, as the absolute number of intermediate to high mass halos/galaxies that could host such massive BHs rapidly decreases), whereas the number density of low-luminosity Seyferts remains relatively constant, peaking at very low redshifts and declining above z ∼ 0.5 − 1. Figure 4 summarizes these results and compares them to expectations of merger rates. First, we compare the absolute number density of quasars above the luminosity threshold of interest (L bol > 10 12 L ⊙ ) and Seyferts (10 9 L ⊙ < L bol < 10 12 L ⊙ ). We compare to the number density of observed mergers 6 (with masses ∼ 10 10 − 10 11 M ⊙ such that they are representative of the galaxy masses hosting these BHs and AGN). To lowest order, the number density of merger-induced 6 Technically, we are interested in the number of gas-rich mergers, which many of the observations considered do not specifically distinguish. However, they are most sensitive to these mergers (e.g. spiral-spiral mergers), as they are both brighter and tend to excite more dramatic tidal features and morphological disturbance than e.g. a spheroid-spheroid merger of the same mass. Moreover, where observations separate the two, the number of "dry" or dissipationless spheroid-spheroid mergers is much smaller (∼ 10%) than the number of gas-rich mergers (e.g. Lin et al. 2008 ).
quasars will scale as the merger number density times the ratio of their observable lifetimes, t Q /t merger . Observational selection of mergers is sensitive to the full time of orbital decay from some radius (in the case of pair selection) or time since first passage (when morphological disturbance is excited) until some number of dynamical times after the mergers when features relax; calibration of these selection methods against high-resolution hydrodynamic merger simulations suggests an observable lifetime t merger ∼ 1 − 2 Gyr. On the other hand, while the total time of activity at lower levels may be much longer, a typical bright quasar phase lasts only ∼ 20 − 40 Myr (see references above or Martini 2004, or considering the time for e.g. doubling of BH mass in a high Eddington ratio phase). This suggests a value of t Q /t merger ∼ 1/25 − 1/50, which we find provides a good match to the relative number densities of quasars and mergers (but in any case we are not trying to compare the absolute number of objects, but their relative redshift evolution; for our purposes the normalization is arbitrary).
We also compare with the prediction from cosmological models: first, the dark-matter only merger fraction (adopting the observable merger timescales from Boylan-Kolchin et al. (2008); Hopkins et al. (2008g) and halo merger rates from Fakhouri & Ma (2008) ), for halos sufficiently massive to host such a quasar (using the Eddington limit as a lower bound and assuming a fixed M BH − M halo relation from da Angela et al. 2008 , this gives M halo 10 11.5 h −1 M ⊙ ; although the predictions are not sensitive to halo mass). Second, the predicted galaxy merger rate from halo occupation models, fixed to reproduce the galaxy mass functions, clustering, and their evolution (here from Hopkins et al. 2008c ). Both are rescaled by the same approximate ratio of lifetimes.
We can reverse this comparison and show the same trends in terms of the "active fraction" -i.e. the fraction of available halos (above a given halo mass or hosting a given BH mass) that host a quasar or AGN within some luminosity Hasinger et al. 2005; Shankar et al. 2007 , and references therein). We compare with the number density of gas-rich (disk-disk) mergers observed (Lin et al. 2008; Conselice 2006 , pink diamonds and magenta triangles with dotted lines, respectively), multiplied by 1 (upper) and 1/50 (lower), reflecting e.g. an approximate ratio of the visible merger timescale ( Gyr) to the quasar/Seyfert lifetime (we are not attempting to constrain the lifetimes here, only the relative redshift evolution). We also compare with predicted merger rates in corresponding dark matter halos (sufficiently massive to host each population; see Fakhouri & Ma 2008, green dot-dashed) and halo occupation models of galaxy-galaxy mergers (also with corresponding mass limits; Hopkins et al. 2008g, green dashed) . Right: Same, in terms of the quasar/Seyfert/merger fraction. AGN fractions are defined in terms of halo occupation models (see text) or the minimum galaxy/BH mass required to host a given AGN. We add merger fractions from Conselice et al. Kartaltepe et al. (2007, blue triangles) . Quasar number densities/fractions rise with redshift and peak/flatten at z > 2, in agreement with merger rates, whereas Seyfert number densities are constant or decline at increasing redshift, more similar to a population with random (constant in redshift) triggering or the observed bar population (Sheth et al. 2003; range. This is just the observed merger fraction multiplied by the ratio of lifetimes t Q /t merger . The quasar fraction in terms of e.g. halo mass can be defined in detail using halo occupation models for quasar clustering (Croom et al. 2005; Porciani & Norberg 2006; Fine et al. 2006; Shen et al. 2007; da Angela et al. 2008) or simply taking the ratio of the number of quasars to the number density of halos sufficiently massive to host any QSO in the relevant luminosity bin (both results are identical for our purposes). Clearly, regardless of the details of the observable lifetimes, the quasar number density and fraction rises with redshift in a manner roughly consistent with the predicted and observed rates of mergers (somewhat faster, in fact, but we have ignored subtleties here such as evolution in quasar lifetimes, dependence on host properties, and dependence on the overall gas supply and gas content of the merger progenitors).
We repeat these experiments for the Seyfert population (in this case rescaling by a ratio of lifetimes t Seyfert /t merger ∼ 1) 7 . These trends, regardless of normalization, cannot match the observed redshift dependence of Seyfert number density or fractions. On the other hand, the weakly evolving (or even decreasing with redshift) observed bar fractions can provide a very plausible match, given an average ratio of lifetimes ∼ 0.3 − 2, as can an essentially constant ∼ 1 fraction of systems undergoing a minor merger, or the fraction of disks expected to be undergoing stochastic activity triggered by ran-7 Note that we are here considering all Seyferts down to very low AGN luminosities L bol ∼ 10 9 M ⊙ (M B = −15 or L 2−10 keV ∼ 10 41.5 erg s −1 ; including obscured sources at these luminosities) -at these luminosities expected lifetimes are large, ∼Gyr (duty cycles are observationally seen to be ∼ 10%), so this ratio t Seyfert (> 10 9 L ⊙ )/tmerger ∼ 1 is expected. dom crossings of molecular clouds with the BH radius of influence (see ).
HOST GALAXY COLORS AND STAR FORMATION HISTORIES
Finally, recent merger remnants should exhibit different host galaxy colors and star formation properties relative to a random sub-population of "normal" galaxies (or bar/minor merger remnants). These characteristics are difficult to measure in practice, especially since whatever merger-induced starburst occurs will generally leave a dissipative, compact stellar population (effective radii of the young populations often 1 − 2 kpc in mergers and remnants; Scoville et al. 1986; Sargent et al. 1987; Kormendy & Sanders 1992; Hibbard & Yun 1999; Genzel et al. 2001; Tacconi et al. 2002; Rothberg & Joseph 2004 , which could be masked by the quasar PSF and will rarely dominate the bolometric light output of luminous QSOs.
That being said, there has been tremendous effort to constrain the stellar populations of AGN observed at many different luminosities and in different wavelengths (e.g. Brotherton et al. 1999; Canalizo & Stockton 2001; Farrah et al. 2003 Farrah et al. , 2005 Kauffmann et al. 2003; Yip et al. 2004; Jahnke et al. 2004a,b; Sánchez et al. 2004; Vanden Berk et al. 2006; Barthel 2006; Zakamska et al. 2006) . From these efforts, it has been established that AGN and star formation activity are broadly contemporaneous. This alone does not distinguish between different fueling models, so long as a reasonable gas supply is available. However, the manner in which the two accompany one another does distinguish between models.
A star-forming (disk) galaxy that experiences a minor (Seyfert-level) triggering event, be it a minor merger, bar or disk instability, or stochastic interaction of BH and giant molecular cloud, will continue (after the AGN episode) as just as much a star forming system as before. This is true even in the most extreme feedback models, as it is nearly impossible for an AGN episode to influence star formation in a dense, self-shielding galactic disk with a very large mass (see e.g. the simulations and analytic calculations in Murray et al. 2005; Thompson et al. 2005; Hopkins et al. 2008c) . Moreover, it is physically not possible to channel the entire galactic gas supply into the center of the galaxy (to be consumed in a starburst) in such events (by definition not so in random events or minor mergers, and by various conservation laws in disk instabilities).
On the other hand, a major merger can efficiently exhaust the galactic gas supply by channeling gas into nuclear starbursts (Mihos & Hernquist 1994b Cox et al. 2006b Cox et al. , 2008 , leading to associated star formation and AGN fueling with a long tail of AGN activity after the final coalescence and rapid decline in the star formation rate owing to exhaustion of the nuclear gas (Springel et al. 2005b,a) . In short, much (although not all) of the merger-induced AGN activity will come after the system has already begun to redden as a poststarburst system. This is supported by a large number of observations of stellar populations in AGN. High Eddington ratio systems are observed to be preferentially in bluer-than-average spheroids, but systems that are still redder than typical disks of the same mass -i.e. spheroid-dominated systems in the so-called "green valley"
8 (see e.g. Brotherton et al. 1999; Kauffmann et al. 2003; Sánchez et al. 2004; Kewley et al. 2006; Nandra et al. 2007; Silverman et al. 2008) .
In particular, Vanden Berk et al. (2006) argue that brighter quasars (as opposed to Seyferts) preferentially show poststarburst activity (rather than a strong preference for large amounts of on-going star formation), as expected in efficient mergers (and opposite the expectation for secular fueling mechanisms), with the strength of these signatures increasing in more luminous systems. Shi et al. (2007) demonstrate that the recent star formation activity associated with Seyfert galaxies at low redshifts implies that -although there was some pre-Seyfert star formation -they were sub-LIRG systems at the peak of their pre-Seyfert star formation episode (even assuming this star formation came in a rapid burst, they would have been less luminous than L ∼ 10 11 L ⊙ ), typical of star-forming galaxies. In contrast, the recent star formation they identify in quasars is enhanced -if it came in a sudden pre-quasar burst, it would imply these systems were (briefly) LIRG/ULIRG systems (L 10 11 M ⊙ ), a luminosity regime that is empirically almost universally associated with mergers over this redshift range (Allen et al. 1985; Joseph & Wright 1985; Armus et al. 1987; Sanders & Mirabel 1996) .
These luminosity thresholds may evolve with redshift, but as a qualitative statement the same should be true. At z = 2, for example, Lutz et al. (2008) argue that the quasars in their sample require ∼ 1000 M ⊙ yr −1 recent star formation episodes (see also Wang et al. 2008) , at the hyper-LIRG level demanding (in almost any model) and ubiquitously associated with major mergers, but find that their Seyferts (L bol ∼ 3 × 10 11 L ⊙ ) reflect lower-level recent star formation (consistent with LIRG-like luminosities, which simulations and observations suggest may commonly arise from very gas-rich disks at these redshifts without major mergers; Le Floc'h et al. 2005; Reddy et al. 2006; Yan et al. 2007; Dasyra et al. 2008; Sajina et al. 2008) .
It has been argued that quasars in general exhibit poststarburst signatures of a magnitude such that 10% of the stellar mass must have been formed in a recent starburst (recently see e.g. Higdon et al. 2008 , for a review see Canalizo & Stockton 2001) . Such a large mass fraction is difficult to explain through any fueling mechanism other than a major merger, and is also in very good agreement with the major-merger induced starburst masses implied by observations and simulation models of the the surface brightness profiles and kinematics of "classical" bulges and ellipticals (Kormendy et al. 2008; Hopkins et al. 2008a,i,b,f) . The observed kinematics and structural properties of quasar hosts are also consistent with this scenario (Dasyra et al. 2007) , and their location on the fundamental plane and associated scaling relations obeyed by classical bulges requires such dissipative star formation in their history (Schweizer 1982; Lake & Dressler 1986; Hernquist et al. 1993; Doyon et al. 1994; Shier & Fischer 1998; James et al. 1999; Genzel et al. 2001; Tacconi et al. 2002; Rothberg & Joseph 2004 Dasyra et al. 2006 Dasyra et al. , 2007 .
DISCUSSION
In self-regulated scenarios for the growth of black holes, growing the bulge (deepening the central potential around the BH) is as much a requirement of sustained bright, high Eddington ratio quasar activity as is actually getting a fuel supply of cold, low angular momentum gas into the vicinity of the BH. Moreover, fueling a Seyfert requires something like the mass of a few giant molecular clouds near the BH, whereas fueling a bright quasar requires channeling a galaxy's worth of cold gas into the central ∼ 10 − 100 pc. This generically leads to the expectation that non-merger related models for quasar fueling become inefficient around a characteristic BH mass of ∼ 1 − 3 × 10 7 M ⊙ (host bulge mass ∼ 10 10 M ⊙ ), corresponding to the characteristic bolometric luminosity of these BHs near Eddington, ∼ 10 12 L ⊙ -remarkably near the traditional Seyfert-quasar divide (M B ≈ −23; Schmidt & Green 1983) . Essentially, this is a restatement of what has become the conventional wisdom and is increasingly established by observation in the field of elliptical galaxy/bulge formation: massive (predominantly "classical") bulges are formed in major mergers, whereas low-mass bulges (predominantly "pseudobulges" in low-mass disks with types Sb and later) have large populations formed by non-merger mechanisms (i.e. bars and instabilities, or bar-like activity triggered in sufficiently minor mergers).
We outline five simple tests to distinguish these modes of fueling and determine whether (and if so where) such a transition occurs. In each case, there is at least tentative evidence for the scenario we outline, although more detailed observations as a function of AGN luminosity and redshift are needed to develop more robust constraints. True quasars tend to have spheroidal hosts, and their relic BHs live in classical bulges; they exhibit characteristically strong small-scale clustering; their redshift evolution from z ∼ 0 − 2 is similar to that of the gas-rich merger population; and their colors indicate their nature as post-starburst systems. Seyferts, on the other hand, tend to live in a broader mix of hosts or in disk-dominated galaxies, and their relic BHs exist in pseudo-bulges; they exhibit weaker small-scale clustering, consistent with random galaxies of similar mass; their redshift evolution is weaktheir abundance remains constant or even decreases with redshift, similar to what is observed in the fraction of barred disks and predicted for stochastic (quiescent) fueling mechanisms; their star formation histories are suggestive of blue, star-forming galaxies.
It is important to emphasize that none of these constraints uniquely or individually implies e.g. a merger origin for bright quasars. For example, the morphologies could reflect their simply being re-ignited by e.g. minor mergers, gas cooling, or stellar mass loss in evolved ellipticals; but this is difficult to reconcile with their clustering (why they do not trace random, more evolved ellipticals in such a case), colors (why they appear post-starburst), or redshift evolution (why they would not grow in abundance at late times, as the cooling rates, stellar mass loss rates, and number density of such ellipticals are all higher). Their classical bulge relics could have been transformed from "initial" pseudo-bulge hosts at the time of the quasars by dissipationless (dry) mergers 9 , but again this fails to explain their clustering and colors, and makes the prediction that there should be very little true classical bulge population at intermediate redshifts. There are many ways to populate galaxies as subhalos that reproduce the clustering signature on small scales (see the discussion in Padmanabhan et al. 2008) , but those that correspond to a reasonable fueling hypothesis: e.g. that AGN are random spirals in a certain mass range in groups, or rapidly star-forming objects/LIRGs, fail to reproduce the other observations considered. Redshift evolution and star formation histories are similarly degenerate under various fueling models, but again it is the particular combination of features that is difficult to reproduce.
Together, then, these argue for a scenario with a reasonably rapid (and not strongly redshift-dependent) transition between major merger and non-major merger fueled populations around the traditional Seyfert-quasar divide. If true, this has a number of corresponding implications for the demographics of BHs and AGN: BHs less massive than ∼ 1 − 3 × 10 7 M ⊙ (and their corresponding host bulges 10 10 M ⊙ , typically Sb and later-type galaxies) would be built up primarily via non-merger mechanisms, whereas more massive black holes and bulges -the "classical" systems generally associated with early-type galaxies (Sa and earlier) -would be built up primarily via mergers. In an integral sense, then, these mergerbuilt systems dominate the total mass density of black holes (with most of the mass density in ∼ 10 8 M ⊙ black holes near the break in the black hole mass function), constituting ∼ 80% of the mass in BHs (see e.g. Marconi et al. 2004) . Correspondingly (by the Soltan 1982 argument), these systems should dominate the total luminosity density of quasars and AGN (integrated over all redshifts). Given the observed evolution of the quasar luminosity function, a redshiftindependent division at the quasar-Seyfert divide implies that the luminosity density is dominated by mergers at high redshifts, with a transition to dominance of non-merger induced fueling below redshifts z ∼ 1. Despite their relative lack of importance in the integrated AGN luminosity density, because of the sensitivity to lower-redshift AGN, this suggests that a large (perhaps dominant) fraction of the X-ray background is contributed by these non-merger related systems. There are clearly a large number of important implications for such a distinction.
A major caveat to this comparison is that, depending on the selection depth, wavelength, and methodology, the Seyfert population recovered could have very different properties, biasing it to be more similar to or different from the quasar population. This is because, unlike at bright quasar luminosities which effectively require massive BHs near Eddington, there are two ways to achieve, in practice, Seyfert luminosities: a low-mass BH at high Eddington ratio and a highmass BH at low Eddington ratio. High mass systems at low Eddington ratio could be the long-lived remnants of mergers, slowly decaying in AGN luminosity after some initial, bright quasar phase or re-activated by e.g. accretion of new gas in cooling flows or minor mergers, exhibiting characteristically early-type, classical-bulge dominated hosts, with poststarburst populations that might be young for ellipticals but are older than those seen in spiral galaxies. Small-scale clustering signatures in such populations may remain if they were merger-triggered, but it depends significantly on their longterm evolution. The number density evolution of such systems, being cosmologically long-lived and not directly tied to an instantaneous merger rate (even if they are mergertriggered) will reflect, as we predict above, a relatively constant order unity duty cycle. Being at low Eddington ratio, and therefore dim relative to their hosts in optical bands (and possibly radiatively inefficient), such systems may be more commonly seen in X-ray or narrow-line surveys.
On the other hand, surveys of broad-line or optical/IR dominant Seyferts may be more likely to pick out systems at high Eddington ratio, i.e. low-mass, gas-rich systems that might be triggered by minor mergers, bar or disk instabilities, or stochastic encounters with molecular clouds. These systems will be disky, gas-rich, and pseudobulge-dominated, with no small-scale clustering preference, a constant order unity duty cycle, and more ongoing star formation. These distinctions are discussed in detail in Hopkins et al. (2008j) ; here, we have attempted to develop a robust set of predictions that, together, can distinguish AGN populations connected to mergers from either of these "quiescent" modes of fueling Seyferts (or from the most likely Seyfert population, some mix of the two). But in several of the tests proposed here, these different fueling modes at low luminosities will manifest differently, and thus they should be considered means to constrain and discriminate among different low-luminosity populations, as well.
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